INTRODUCTION
Phase variation in bacteria, whereby certain characteristics are lost upon in vitro subculture, is caused by a DNA rearrangement in the case of Salmonella (Zeig et af., 1977) and Neisseria gunorrhueae (Meyer et al., 1982) . Little is known about the mechanism of the phase variation that occurs in Burdetella species (B. pertussis and B. bronchiseptica) which results in the simultaneous loss of several putative virulence determinants. These include toxins, adenylate cyclase, haemolysins and agglutinins (Ezzell et al., 1981; Wardlaw et af., 1976; Wardlaw & Parton, 1979; Parton & Durham, 1978; Dobrogosz et af., 1979; Nakase, 1957~; Peppler, 1982) . The change from virulent phase I to avirulent phase I11 or IV can be rapid (Nakase, 19576; Weiss et al., 1983) and is seldom reversible in vitru (Weiss & Falkow, 1984) , though reversion can occur in vivu, at least with the pig pathogen, B. bronchiseptica (Collings & Rutter, 1985) .
Another type of variation displayed by Bordetella has been termed antigenic modulation (Lacey, 1960) . This involves changes similar to phase variation (Nakase, 19578; Lacey, 1960; Ezzell et ul., 1981) , but is readily reversed by changing the growth environment (Lacey, 1960; Ezzell et al., 1981) . Thus phase I cells grown in medium containing NaCl express all the above virulence characteristics and are termed X-mode; phase I cells grown in medium containing MgSO, do not express these characteristics and are termed C-mode (Lacey, 1960) .
In an attempt to understand how phase variants arise in cultures of phase I bacteria, I have examined the in vitru growth characteristics of B. bronchiseptica. The frequency of phase variation was also calculated.
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Dilutions of the cells were also spread on Bordet-Gengou plates containing erythromycin (2.5 pg ml-I). At this concentration phase 111 growth is unaffected, but phase I cells do not grow (A. J. Lax & C. A. Walker, unpublished observations). From the numbers of phase I and phase I11 bacteria in a phase I colony, and using the observation that above a critical population size the fraction of mutants increases at a rate proportional to the mutation frequency (Stocker, 1949) , an approximate mutation frequency was empirically calculated.
Measurement of adenyfate cycfuse activity. This was done using the assay described by Salomen (1979) 
RESULTS A N D DISCUSSION
It was frequently observed that cultures of C-mode or phase I11 bacteria grew better than corresponding X-mode cultures. The rate of exponential growth was examined and found to be the same (generation time 1.4 h) in phase I (both X and C modes) and phase I11 (data not shown).
The initial period of growth following dilution into fresh medium was examined ( Fig. 1) . At a low cell concentration, there was a considerable delay before phase I organisms grew. This delay depended on the dilution. In the culture seeded at the lowest cell concentration (1-4 x lo5 ml-l) 0.03 of the bacteria were phase I11 by 24 h. This effect was also found during growth in modified Hornibrook medium (Wardlaw et af., 1976) and with three other B. bronchiseptica isolates (276, GF8, CWT24). The same divergence of growth was noted in mixed cultures of phase I and I11 bacteria at a low concentration, whereas at a high starting cell concentration (5 x lo8 ml-I) growth of both phases was identical. It is not known why this phenomenon occurs. It has previously been noted that phase I bacteria grow less well than phase I11 or IV (Peppler, 1982; Dobrogosz et al., 1979) and also that phase variation occurs more rapidly in liquid than on solid media (Nakase, 1957b) .
In contrast, C-mode cultures behaved like phase I11 cultures. Phase I11 bacteria were never detected in these cultures, since all the colonies were haemolytic when spread on Bordet-Gengou agar. About half the colonies observed were large, but when individual large haemolytic colonies were streaked out, all the colonies produced were haemolytic and over 95% were small. The large haemolytic colonies may represent intermediate forms of antigenic modulation.
The delay before phase I bacteria grow will lead to the enrichment of any phase I11 bacteria in a culture. In the experiment described above, the ratio of phase I11 to phase I bacteria in the most dilute culture would have increased about 500-fold over the 24 h growth period (Fig. l) , so that a starting ratio of 6 x would give 0.03 phase I11 at the end of the experiment. Since the starting culture for this experiment was obtained by growing one colony (mean 2 x lo7 bacteria : range 0-3-8 x lo7) in 10 ml medium, it would be predicted from Fig. 1 that this cell concentration would produce a further 5-50-fold enrichment for phase I11 organisms. Therefore a fraction of to phase I11 bacteria in a colony of phase I could explain the ratio observed at the end of the experiment.
The presence of phase I11 organisms in phase I colonies was examined using Bordet-Gengou plates containing erythromycin, which has been shown to prevent phase I growth (Weiss & Falkow, 1984) . Large flat non-haemolytic colonies, which retained these characteristics on Bordet-Gengou plates without erythromycin, were classed as phase I11 bacteria. Conversely, all phase I11 colonies obtained by in vitro subculture displayed erythromycin resistance. There were also some small flat non-haemolytic colonies which produced haemolytic colonies, many of which were large, when spread on Bordet-Gengou plates without erythromycin. Their proportion varied between and lo-* of the population with isolate AS1; they were not observed with isolate WJS1/2. These colonies were presumed to have existed as C-mode cells on the erythromycin plates. Cells grown in the C-mode have a plating efficiency of 40% on BordetGengou plates containing erythromycin, but display phase I characteristics when replated onto Bordet-Gengou plates. This is a similar percentage to the number of large colonies that are observed after C-mode growth, all of which suggests that not all C-mode grown cells revert to Xmode at once. Such cells would be expected to display erythromycin resistance, since C-mode characteristics resemble phase I11 characteristics in all other respects. ., 1-4 x lo6 ml-l ; A, 1.4 x los ml-* ; phase I11
-0 , 2 -3 x lo8 ml-I ; 0 , 2 3 x lo6 ml-I ; A, 2.5 x los ml-I. Cells were grown overnight from a single colony in 10 ml modified Stainer-Scholte medium before dilution into fresh medium. Similar results were obtained in other experiments with ASl, and also with isolates 276, GF8 and CWT24. The ratio of phase I11 to phase I cells in a colony of about 2 x lo7 cells was on average 3 x (Table l) , which is similar to the ratios reported for B. pertussis (Peppler, 1982; Weiss & Falkow, 1984; Goldman et al., 1984) . Peppler & Schrumpf (1984) reported much higher phase I11 to I ratios for B. bronchiseptica. However, it is not possible to calculate a mutation frequency from their data, sincethe cells had grown for several generations and the precise growth conditions are not stated. Using the phase ratios observed in my experiments, the mutation frequency was approximately per cell per generation, which is the frequency expected for the random mutation of a bacterial gene (Miller, 1972) .
Adenylate cyclase, which is another marker used in phase classification (Parton & Durham, 1978) , was examined in 10 independently isolated erythromycin resistant colonies from AS1 and WJS1/2 (Table 2) . With the exception of one colony, which gave haemolysis on Bordet-Gengou plates all other variants had no detectable activity. Therefore, in general, large erythromycin resistant cells do display phase I11 characteristics, though clearly mutations which confer resistance to erythromycin without affecting phase are possible.
It is therefore suggested that phase variation in Bordetella may be caused by a random mutation in the controlling region for antigenic modulation, followed by in vitro selection for mutants. This hypothesis explains other observations about phase variation. The absence of phase variation during C-mode growth is due to lack of selective pressure, and it is of interest that Weiss and colleagues (Weiss et al., 1983; Weiss & Falkow, 1984) grew bacteria on plates containing MgS04 and did not observe background phase variation. According to this hypothesis, phase I11 to I variation would result from a back mutation. Variation in this direction has only been reported once in vitro (Weiss & Falkow, 1984) , where it was believed to be related to selective pressure. B. bronchiseptica phase variation can occur in both directions in vivo (Collings & Rutter, 1985) . Phase I bacteria colonize 104 times better than phase 111 bacteria and this would provide a strong selective pressure. Some phase I11 strains did not revert (Collings & Rutter, 1985) , which might be explained by the nature of the original mutation.
Phase I to I11 variation does occur in vivo. Phase I11 B. bronchiseptica were isolated some days after infection of pigs with phase I bacteria (Collings & Rutter, 1985) , and phase IV B. pertussis have been detected in humans after prolonged infection (Lacey, 1960; Kasuga et al., 1954) . Thus, phase variation, which involves antigenic changes (Leslie & Gardner, 1931 ; Nakase, 1957a) may permit survival of bacteria in the host.
There have been various hypotheses about phase variation. One suggestion has been that it results from a series of mutations (Parker, 1979) , and most recently it has been postulated that these occur in a non-random order (Goldman et al., 1984) . Cells were isolated by their ability to grow on a medium which is toxic for phase I bacteria, and four classes of bacteria were defined according to how many traits they had lost: none, one, two or three (Goldman et al., 1984) . However, the frequency of isolation of cells lacking all three of these traits is too high to be explained by sequential mutagenesis, which would be an extremely rare event, and furthermore cells of one class did not change into another upon prolonged culture. These 'partially varied' forms have not been noted before, and it seems probable that various mutations would allow the cells to grow on toxic agar. Another view is that phase variation might result from a specific DNA rearrangement (Weiss & Falkow, 1984) . However, I have demonstrated here that phase variation occurs at a low mutation rate, but phase variants are selected for by in vitro conditions. Therefore phase III/IV may be caused by bacteria being locked in the C-mode after random mutation in the control region for antigenic modulation. As a consequence, antigenic modulation may have more significance in Bordetella pathogenesis than phase variation, and a fuller understanding of its function and control is currently being sought. 
